Ga for Mn substitution in multiferroic TbMnO3 has been performed in order to study the influence of Mn-magnetic ordering on the Tb-magnetic sublattice. Complete characterization of TbMn1−xGaxO3 (x = 0, 0.04, 0.1) samples, including magnetization, impedance spectroscopy, and x-ray resonant scattering and neutron diffraction on powder and single crystals has been carried out. We found that keeping the same crystal structure for all compositions, Ga for Mn substitution leads to the linear decrease of T Mn N and τ Mn , reflecting the reduction of the exchange interactions strength JMn−Mn and the change of the Mn-O-Mn bond angles. At the same time, a strong suppression of both the induced and the separate Tb-magnetic ordering has been observed. This behavior unambiguously prove that the exchange fields J Mn−Tb have a strong influence on the Tb-magnetic ordering in the full temperature range below T Mn N and actually stabilize the Tb-magnetic ground state.
I. INTRODUCTION
Rare earth manganites RMnO 3 (R = Gd, Tb, Dy, Ho) with orthorhombically distorted perovskite structure have been attracting a lot of attention due to a variety of unusual physical properties including a potentially interesting cross coupling of magnetism and ferroelectricity (FE).
1,2,3,4 These so called multiferroics are of particular interest for understanding the fundamental physical links between spin, charge and lattice degrees of freedom that give rise to magnetoelectric coupling, as well as because of the promising possibility of using these coupled order parameters in novel device applications by controlling the material's polarization state with either electric or magnetic field. 5, 6, 7 While it has been clearly shown, that the ferroelectricity in these compounds is magnetically driven, the role of magnetic 3d and 4f ions was found to be rather different. As commonly accepted, the origin of multiferroicity in RMnO 3 is a result of a cycloidal Mn-magnetic ordering with inverse Dzyaloshinsky-Moriya interaction being the driving force of polar lattice distortions. 8, 9, 10, 11, 12, 13 Spontaneous electric polarization can be therefore expressed via the m y and m z components of the Mn-spins of the cycloid and the magnetic propagation vector, τ , as P s ∝ m y m z (e x × τ ), where e x is the unit vector along the axis of rotation of Mn-spins. 10 Magnetic rare earths in turn, may determine the polarization direction via their interaction with Mn-spins. In compounds with rare earths showing strong magnetic anisotropy, the polarization is oriented along c-axis, P c for R = Tb and Dy, while in those with nonmagnetic (Eu,Y) or less anisotropic Gd, P a. 5, 14 In some cases, they even contribute to the magnitude of the polarization as has been shown for DyMnO 3 .
3,15 A necessary condition for this is the ordering of rare earths with the same propagation vector as Mn, behavior confirmed now for RMnO 3 with R = Gd, Tb, Dy and Ho above their own ordering temperatures, T R N < 10 K. 8, 16, 17 Here, Mn-magnetic sublattice polarizes R-spins and the induced R-moment is defined by the strength of exchange interaction between Mn-and R-ions, J Mn−R .
As proposed in Ref. 22 the ordering of the R-spins below T R N (often referred as individual) is strongly dependent on the relative strengths of exchange interactions between Mn-and R-ions, J Mn−R , and between rare earths themselves, J R−R . will not significantly affect the Rordering as found for R = Dy that orders on its own (τ Dy = 1 2 = τ Mn ) below 6 K. 15, 16 On the other hand, strong J Mn−R will force the R-ordering to the same periodicity as Mn down to the lowest temperatures as in case of R = Ho (τ Ho = τ Mn ).
17,23
The most interesting case, however, is an intermediate coupling regime as observed in TbMnO 3 . Here, the Tb-and Mn-orderings remain coupled down to the lowest temperatures through the harmonic coupling of their wave vectors, 3τ
Tb − τ Mn = 1. This is a result of adjustment of Ising-like Tb spins to periodic Mn ordering minimizing system's energy and leading to rather complex Tb-spin structure at low temperatures. 22 This intermediate coupling regime should be very sensitive to any variation of J Mn−R and, correspondingly, strong effects on the Tb-magnetic ordering are expected.
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In this paper we report on combined neutron diffraction, x-ray resonant magnetic scattering, and single crystal magnetization and dielectric measurements on substituted TbMn 1−x Ga x O 3 (x = 0, 0.04, 0.1) compounds.
Substitution of Mn
3+ ion by the closest isovalent but nonmagnetic Ga 3+ was chosen to provide minimal disturbance of the lattice and effectively vary the total J Mn−Mn and, consequently, J Mn−R , while keeping J R−R constant. We show that, while keeping the same crystal structure for all compositions, Ga for Mn substitution leads to the linear decrease of T Mn N and τ
Mn reflecting the intended decrease of J Mn−Mn and the increase of the Mn-O-Mn bond angles. At the same time we observe a strong suppression (for x = 0.04) and disappearance (for x ≥ 0.1) of both the induced and the individual Tb-magnetic ordering. This behavior confirms that the exchange fields J Mn−Tb from the Mn have a strong influence on the Tbmagnetic ordering in the full temperature range below the ferroelectric transition and actually stabilize the Tbmagnetic ground state.
II. EXPERIMENT
Polycrystalline TbMn 1−x Ga x O 3 (x = 0, 0.04, 0.1) samples were prepared from a mixture of Tb 4 O 7 (4N), Mn 2 O 3 (3N) and Ga 2 O 3 (4N) using standard solid state reaction. The lowest content of Ga (x ⋍ 4%) was chosen such as to obtain a homogeneous distribution of Ga within the sample. The highest content (x ⋍ 10%) was determined by our ability to obtain a single phase sample at this composition without significant changes in its crystal structure and magnetic properties. The single crystals were grown in argon atmosphere by the floating zone technique in the IR-heated image furnace (NEC) equipped with two halogen lamps (500W) and double ellipsoidal mirrors. The growth and the feed rates were maintained to obtain a stable molten zone.
Crystal structure and magnetic ordering of TbMn 1−x Ga x O 3 were investigated between 2-300 K by neutron diffraction (ND) on powder and single crystal samples using the high resolution E9 diffractometer (λ =1.797Å and 2.816Å) and the E1 thermal triple axis spectrometer operated in two-axis mode (λ =2.44Å), respectively, at the Helmholtz-Zentrum-Berlin (HZB). The data were analyzed with the FullProf refinement package. 24 Single crystal x-ray magnetic resonant scattering (XRMS) on TbMn 1−x Ga x O 3 were conducted at the 7 T multipole wiggler beamline MAGS, also HZB.
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Physical characterization of the samples was performed on both single crystal and polycrystalline samples. The single crystals were aligned along their principal direction by x-ray Laue diffraction and cut in orthorhombic shapes with each face normal (within 2
• ) to a principal crystallographic direction.
Temperature dependence of low and high field magnetization along three main crystallographic directions were measured on TbMn 1−x Ga x O 3 (x = 0, 0.04, 0.1) in the VSM mode of a Physical Properties Measurement System (Quantum Design PPMS). The dielectric measurements were performed in a 14.5 T Oxford Instruments cryomagnet equipped with a 3 He Heliox insert. Opposite faces of the plate-like samples were sputtered with gold and located between two gold covered copper plates. The top plate and the sample were pressed to the fixed and thermalized bottom plate by a soft spring. The capacitance of such a plate capacitor with a sample as a dielectric was measured by an Andeen-Hagerling 2500 A capacitance bridge working at a frequency of 1 and 20 kHz.
III. RESULTS AND DISCUSSION
A. Crystal structure Starting with the structural analyses, powder ND measurements at room temperature show that all TbMn 1−x Ga x O 3 samples are single phase and crystallize with the orthorhombically distorted perovskite structure (space group Pbnm). Ga shares 4b atomic position (Wyckoff notation) with Mn and its refined content is in good agreement with the nominal one ( Table I) . We would like to emphasize that despite to close scattering lengths of Tb (7.38 fm) and Ga (7.29 fm), sharp difference between those of Mn (-3.73 fm) and Ga allows to determine their occupancies confirming that all Ga is accounted in the Mn-site. With increasing Ga-content up to 10% (Fig. 1a-b) , the lattice linearly contracts along b-direction, ∆b/b ∼ 0.7%, and expands along the c-axis, ∆c/c ∼ 0.3% while leaving the a-parameter almost constant, ∆a/a < 0.1%. The resultant decrease in volume is about 0.4%, approaching the volume of heavier RDyMnO 3 . Anisotropic change of the lattice, however, leads to an increase of Mn-O-Mn bond angle (by ∼ 0.4
• ) as if moving the system to the lighter R -GdMnO 3 . Disturbance of the original TbMnO 3 lattice is also reflected in changes of Mn-O and Tb-O interatomic distances, both having maximal ∆d/d ∼ 1.1% as presented in Table II .
B. Magnetic and dielectric properties
Turning to the magnetic properties, in Fig. 2 we present the temperature dependence of the magnetization of TbMn 1−x Ga x O 3 single crystals measured along the a-and b-crystallographic directions with H = 5 kOe and along c with 1 kOe. We start with magnetization curves measured with H c as they show anomalies corresponding to the onset of both Mn-and Tb-magnetic orders. As previously reported for the x = 0 compound, M c presents three sharp anomalies at T Mn N = 42 K, T FE = 27 K and T Tb N = 7 K attributed to the Mn Néel transition temperature, the transition temperature to the Mn-cycloidal state associated with development of ferroelectricity and the Tb Néel transition temperature, respectively.
2 The 4% Ga-containing compound preserves all three transitions. The first two are shifted down to 39 K and 25 K whereas the last anomaly is enormously reduced and has a maximum around 4.5 K. The 10%-Ga sample shows only one sharp transition at T Mn N = 36 K and broad anomaly at around 15 K which might reflect the remanent ferroelectric transition T FE . Any signature of T Tb N is clearly absent at this composition. Having observed a rather similar magnetic behavior of the Mn-sublattice in the pure and the substituted TbMnO 3 compounds, we have performed dielectric measurements for the x = 4% and 10% samples. Impedance spectroscopy measurements from 1 kHz up to 20 kHz reveal no relaxor behavior for all compounds. Similar to TbMnO 3 , the 4% and 10% Ga samples present a strong anisotropy and anomaly in the dielectric constant along c-and a-directions at 40 K. In TbMnO 3 the ferroelectric transition is characterized by a lamda-shaped anomaly in the c-direction at 27 K (Fig. 3) . 5 The dielectric measurements along the c-direction for 4% and 10% samples show similar anomalies shifted to lower temperatures. They appear at 24 K and 15 K, respectively, in perfect agree- ment with T FE determined from magnetization measurements. The height of the lamda-shaped anomaly of the dielectric constant (δǫ) is reduced with increasing Ga content from δǫ of about 4 for x = 0 down to 1.8 and 1 for x =4% and 10%, respectively. All these features suggest that at the respective T FE the compounds undergo a ferroelectric transition that becomes less pronounced with increasing Ga-doping. The results from the measurements of magnetization and dielectric constant as function of temperature are summarized in Fig. 1c . It shows that substitution of nonmagnetic Ga 3+ for magnetic Mn 3+ leads to reduction of T Mn N linearly with a slope of -0.6 K per 1% of Ga. This is direct evidence of the effective reduction of the strength of Mn-Mn interactions, J Mn−Mn and, consequently, we suggest that J Mn−Tb should be reduced. T FE gets also reduced by -1.2 K per 1% of Ga. The most surprising effect, however, is that the Ga for Mn substitution affects the anomalies at T Tb N . Indeed, the larger x is the smaller and broader becomes the anomaly corresponding to the transition to Tb-magnetic ordering (see Fig. 2 ).
Further we studied the magnetic field response of the Ga-substituted compounds. Fig. 4 shows isothermal magnetization curves as a function of magnetic field for all samples. The data on undoped TbMnO 3 compound is in good agreement with previously published results.
5
For H a at 2 K (Fig. 4a) , two magnetic transitions are observed at H c ∼ 1.7 T and 9 T. The critical fields of all meta-magnetic transitions, H c , have been defined by the intersection point between two lines: the first being a linear fit of M (T ) before the anomaly; the second passing through the inflection point of the anomaly as shown, for example, in (Fig. 4d) . The low field metamagnetic transition is a transition to the field forced ferromagnetic state associated with the Tb-sublattice. Similar meta-magnetic rare earth behavior is reported for the isostructural TbAlO 3 compound. 26 One marks out that the magnetization is not saturated up to 14 T and the extracted value of the Tb-moment, ∼ 6.5 µ B , is rather low. All these suggest that the Tb moments do not become fully ferromagnetically ordered above 2 T. Instead, because of their strong Ising anisotropy, they presumably arrange in a noncollinear (F x C y 0) pattern (Bertaut notation) 27 with m x ∼ 6.5 µ B . Assuming theoretical 9 µ B /Tb 3+ , that would correspond to 36
• canting to a-axis in good agreement with reported data on Tbanisotropy. 28, 29 Much less pronounced second transition corresponds to the flop of the electric polarization from P c to P a that is presumably caused by the flop of Mn cycloidal plane.
5,30
Both meta-magnetic transitions are observed in x = 4% and x = 10% samples. The field forced Tbferromagnetic ordering is observed at slightly changed critical fields of 1.8 T and 2.4 T for for x = 4% and x = 10%, respectively, while the second (polarization flop) transition is found at higher field H c = 11 T for x = 4% (see Fig. 4(a) insert) . A change in slope is also observed for x = 10% around 14 T suggesting that the second transition might occur at even higher fields.
For H b at 2 K, also two meta-magnetic transitions are observed in TbMnO 3 in good agreement with published data. 5 The first one at 1.7 T is a transition to a magnetic state where Tb orders with τ = 1/3 b * . 31 The second transition is observed at around H b ∼ 4.9 T. Based on the data on TbAlO 3 , 26 we suppose that Tb-spins undergo a transition to noncollinear (C x F y 0)-arrangement in this state. According to Ref. 30 , this transition is associated with the flop of Mn-cycloidal plane from bc to ab causing the electric polarization flop from P c to P a.
5,30 Both meta-magnetic transitions are observed in x = 4% sample. They are shifted to lower critical fields of 1.0 T and 4.6 T, respectively. Only one clearly separated transition with H c = 4.1 T is observed for x = 10% sample.
For H c, TbMnO 3 shows one metamagnetic transition as visualized in Fig. 4 (c-d) for 2 and 16 K, respectively. It corresponds to the transition from cycloidal Mn-magnetic structure to simple canted antiferromagnetic structure and, simultaneously, to the transition from ferroelectric to paraelectric state. 5, 32 Both substituted compounds show similar metamagnetic transitions at lower critical fields, Fig. 4(c-d) .
In short summary, bulk characterization of the Gasubstituted compounds revealed rather similar magnetoelectric phenomena in all the studied samples. The only crucial differences are applied to the Tb-magnetic ordering, where strong suppression of relevant anomalies has been observed. To clarify what causes these changes, a microscopic view on Mn-and Tb-magnetic orders in the Ga-samples has been taken.
C. Magnetic ordering
Microscopic insight into the magnetic ordering in TbMn 1−x Ga x O 3 was obtained using ND on powder (Fig. 5 ) and single crystal samples (Fig. 6) . XRMS has been used to contrast Tb-magnetic signal when it contributed to the same reflections as Mn. Cooling the samples below T Mn N we found a set of magnetic satellites in Brillouin zones (hkl) with extinction conditions h + k = even, l = odd, known as A-type reflections.
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They arise from the ordering of Mn-spins that is incommensurate (ICM) and characterized by the propagation 
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Below T FE the Mn-magnetic structure of TbMnO 3 has been described by the linear combination of two irreducible representation Γ 3 ⊕ Γ 2 where Γ 2 has also Acomponent along c-axis (0, 0, A z ). 8 The resulting structure is a characteristic for ferroelectric phase: cycloid m(Mn)=(0, m y , m z ), where Mn-spins rotate within bcplane. The fact that the coupling between Fourier components m z is also of A-type complicates the structure analyses as both m y and m z contribute to the same Atype reflections. However, following a temperature dependence of a single magnetic reflection often helps to see an anomaly at temperature (T FE in our case) when the second magnetic component develops. Indeed, the temperature evolution of the integrated intensity of the selected (0, 2-τ Mn , 1) and (0, τ Mn , 1) plotted in Fig. 6c ,d shows an inflection point at 27.5 K for x = 0 compound in a good agreement with T FE . Similar considerations applied to the Ga-doped samples allow to conclude that their Mn-structures have a second magnetic component of A-type developing below 25 K and 17 K for x =0.04 and 0.1 Ga-doped samples, respectively. Both temperatures are again in perfect agreement with T FE determined from the bulk measurements. The arrows in Fig. 6(c) show that the relative amount of the spin along the cdirection decreases with increasing Ga-content. The results of magnetic structure powder refinement assuming cycloidal magnetic ordering m(Mn)=(0, m y , m z ) are presented in Table I .
Coupling between Tb-and Mn-magnetic orders manifests itself below T Mn N where Mn-spin lattice polarizes the rare magnetic sublattice. 8, 33 This is reflected in appearance of G-, C-and F-type reflections that become especially strong below T FE . Fig. 6b shows the temperature dependence of selected G-type reflection for all compositions. Unlike the A-type reflections, this one has a pronounced concave shape as a characteristic of induced order. With increasing Ga-content the intensity of induced reflections drastically decreases. Since intensity is proportional to the squared magnetic moment, M ⊥ (Q) 2 , one can conclude that the effective field acting on the Tbmoments from the Mn-spin structure is indeed reduced upon Ga-substitution.
Below T Tb N = 7 K, undoped TbMnO 3 shows very intense magnetic satellites appearing at positions characterized by a propagation vector τ Tb = 0.426(2) b * (∼ 3/7) and its odd harmonics (Fig. 5) . Quezel et al. 28 proposed a sine-wave structure with the Tb-moments lying along two symmetrical directions with respect to the baxis (57
• ) within the ab-plane. According to the results from our previous work, 22 in one-dimensional case the Tb-magnetic structure can be understood as being built from ↑↑↓↓-blocks in the ab-plane with some irregularities to adjust Ising-like Tb spins to periodic Mn ordering (Fig. 7a) . Taking into account data on rare earth behavior in isostructural 3d-less aluminates RAlO 3 29,34 and similar manganites with R = Dy and Ho, 15, 17 that all show the same type of G x A y ordering with τ = 0 and τ = 1/2, respectively, one can make this model more realistic. Indeed, taking G x A y -coupling to preserve Tbanisotropy and keeping the same periodicity as in Fig. 7a , one gets a structure visualized in Fig. 7b . This structural model has been used to fit our powder diffraction data and the results of the refinement are presented in Table I. One has to stress, however, that this solution is not unique and the real structure might be even more complex. On the other hand, it accounts for both the observed harmonic clamping of Tb-and Mn-propagation vectors at low temperatures 22 and the Tb-anisotropy.
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One of the most striking effects of Ga for Mn substitution appears below T Tb N where magnetic ordering of the Tb-sublattice is expected (Fig. 5) . Even the powder ND pattern of the 4% substituted compound looses all the features of long range Tb magnetic ordering: Tb superlattice reflections are replaced by low intense and broad peaks visible predominantly at low angle positions of the strongest Tb-peaks. With increasing Ga-content the absolute intensity of Tb peaks drops and their width increases (Fig. 1d) . Altogether, the observed behavior 22 ; b) Magnetic structure model taking into account Tb-anisotropy reflects the destruction of long range Tb-magnetic ordering and its substitution by short range magnetic clusters with correlation length less than 25Å (Fig. 1d) .
The same effect is found by XRMS at the L 3 absorption edge of Tb. In particular, XRMS data on TbMn 1−x Ga x O 3 single crystals showed the presence of induced Tb magnetic ordering with the Mn propagation vector τ Mn =0.262 b * at 2 < T < 28 K for x = 4%. The observed magnetic reflections are about 30 times weaker that those of pure TbMnO 3 and exist down to the lowest temperatures where no additional reflections corresponding to Tb long range magnetic ordering (i.e. with τ Tb ) have been observed. For x = 10%, XRMS found no Tbmagnetic reflections in the full temperature range below T FE . Single crystal ND, however, reveals some anomalies in temperature dependence of the Mn propagation vector and integrated intensity and width of ICM reflections. At 17 K on heating, τ suddenly decreases (Fig. 6a) and, simultaneously, the width of the all the Mn ICM reflections gets smaller indicating a sudden change of the Mn-Mn vs Mn-Tb magnetic correlation.
IV. DISCUSSION
Based on the results from magnetic and dielectric, neutron and x-ray diffraction measurements, a magnetic phase diagram of TbMn 1−x Ga x O 3 compounds with x = 0, 0.04, 0.1 has been created (Fig. 8) . For small Ga doping there is no dramatic change in the magnetic order of the system. 36 From the dielectric measurements along the c-axis we see that Ga doping also does not change the ferroelectric state. However, substitution provides a platform for studying the interplay between the Mn-and Tb-magnetic states.
According to the phase diagram in Fig. 8 , all the magnetic phases persist for x = 4% and 10% compounds. The main differences are found in the magnetic state of Tb and critical temperatures and fields of the correspond- . The IIIa and IIIb phases define ab-cycloidal Mn-ordering with Ps along a-direction (for x = 0, at least). The IIc zone is paraelectric phase with simple Mnantiferromagnetic ordering. The dashed lines are expected phase boundaries for the Ga-containing compounds. The dielectric phase boundary for x = 0 has been extracted from Ref. , should be strongly affected by Ga for Mn substitution reducing J Mn−Tb . This finds a direct confirmation in our data as both T FE and the intensity of the induced Tb-magnetic peaks (i.e. averaged induced moment) are significantly reduced upon Ga substitution.
Below T < T Tb N , when J Tb−Tb competes with J Mn−Tb , the system minimizes its energy through the matching of Tb-and Mn-wave vectors, 3τ
Tb − τ Mn = 1. 22 The resulting Tb-magnetic structure is presented in Fig. 7 . Clearly, this magnetic regime is supposed to be also strongly affected by the Ga for Mn substitution. Our data strongly support this picture showing that the substitution of magnetic by nonmagnetic ions in one of the sublattices can change the magnetic ordering in the other sublattice. Here, Tb-magnetic ordering becomes of short range in a very narrow 0 < x ≤ 0.04 range of Ga for Mn substitution. First of all, such low critical concentration explains scatter in the published data on Tb-ordering 8,28,35 since small non-stoichiometry in the samples would lead to a significant effect on it. Secondly, disappearance of Tb long range magnetic ordering proves that Mn exchange fields are involved in Tb magnetic ordering in TbMnO 3 even below T Tb N . Ideally, one can expect by reducing J Mn−Tb to get an independent Tb-magnetic ordering determined only by J Tb−Tb . Since TbGaO 3 does not exist, one can again look at 3d-less Tb-and DyAlO 3 both showing the same type of G x A y ordering in ab-plane. 29, 34 Mncontaining DyMno 3 and HoMnO 3 show the same type of magnetic ordering but with doubling of unit cell along b-direction. 15, 17 Expanding the same considerations on TMnO 3 , one can expect that strong J Mn−Tb prevents Tb of having regular τ Tb =1/2 b * structure presumably of G x A y -type (in one-dimensional case it would simply correspond to ↑↑↓↓).
This, however, does not happen since no long range Tb-order has been observed at low temperatures. We believe the reason for that is Ga for Mn substitution does not correspond to homogeneous reduction of Mn-Tb exchange but rather to pronounced effects located at the sites which are occupied by Ga. In this case one has to distinguish between Tb ions in the nearest neighborhood from Ga and not. The former get released from Mn-exchange fields, as seen by the significantly reduced average induced moment below T FE , and can form their own τ Tb =1/2 b * ordering below 7 K. However, the latter follow the Mn periodicity above 7 K and, consequently, keep '3τ
Tb − τ Mn = 1'-state below 7 K (Fig. 7b) . As a result one can still expect a kind of G x A y (↑↑↓↓) preserved at a local scale while the overall periodicity is completely broken.
This model finds a strong support in the low field data on doped TbMn 1−x Ga x O 3 with H a and H b (Fig. 8) . Indeed, these data show that there are no principal differences to the undoped compound. With H a and H b, the low field phase boundary stays almost unaffected (except of H b for x = 10% sample where the transition becomes very smooth). Having in mind, that this transition in TbMnO 3 corresponds to magnetic field forced noncollinear F x C y or C x F y arrangement for H a and H b, correspondingly, one finds it consistent with Tbordering of G x A y (↑↑↓↓) preserved at local scale in Gacompounds. The high field boundaries for H a, H b, both getting increased upon Ga substitution, is more difficult to interpret. Intuitively, one would expect the reduction of both critical fields. However, to answer this question one has to know the magnetic and electric states of these compounds above these critical fields. This issue stays outside the topic of present publication.
Finally, we summarize the effects of Ga for Mn substitution on Mn-sublattice. Since it is the Mn-sublattice that has been diluted, one can straightforward interpret the changes directly involving Mn-magnetism. At first, one marks out here the reduction of T Mn N and total magnetization reflecting the reduced J Mn−Mn . Neutron diffraction confirms that the magnetic structures observed below these temperatures are similar while dielectric measurements show the anomalies pointing to ferroelectric character of transitions at T FE for all samples. Among magnetic isotherms one can have a look at the H c data, as Tb-contribution in there is minimal. The critical field H C along c-axis in TbMnO 3 corresponds to the phase transition from ICM Mn-cycloid to a simple commensurate antiferromagnetic ordering. Substituting nonmagnetic Ga for Mn should result in the reduction of H C as has been observed in the experiment (see Fig. 4 ). Generally, one can conclude that all the changes in the magnetic properties of Mn-sublattice are mainly of quantitative character and in agreement with effective reduction of J Mn−Mn .
V. CONCLUSIONS
Ga for Mn substitution in multiferroic TbMnO 3 has been performed in order to investigate experimentally the influence of Mn-magnetic ordering on the Tb-magnetic sublattice. Single and polycrystalline TbMn 1−x Ga x O 3 (x = 0, 0.04, 0.1) compounds have been synthesized and characterized by powder and single crystal neutron diffraction, x-ray resonant magnetic scattering, single crystal magnetization and dielectric measurements. The results show that light Ga for Mn substitution does not change qualitatively the magnetoelectric properties of the Mn-sublattice while it significantly affects the Tbmagnetic ordering. The latter looses its long range character in a small range of Ga-concentration while preserves the magnetic structure locally. Thus, our work proves that there is a strong influence of Mn-magnetism on Tb-magnetic ordering kept down to the lowest temperatures. The whole ordering scheme of Tb in multiferroic TbMnO 3 results from competing J Mn−Tb and J Tb−Tb exchange interactions verifying our theoretical model reported in Ref.
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